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Overview of ChiralSpec

• A mm-wave 3-axis resonator spectrometer operated in two modes:
o Chirality detection mode through 3-wave mixing principle
o Survey mode as a traditional MW spectrometer for chemical composition analysis

• Funded by NASA Planetary Instrument Concepts for the Advancement of Solar 
System Observations (PICASSO)

• Chirality detection theory 

o Formulated in 2012 by Hirota

o Demonstrated by the Patterson and Pate groups at 2-18 GHz

• Goal of this effort: experimental demonstration of chirality detection at 75-205 GHz 
where there is a path for instrument miniaturization.



What is Chirality?

• A chiral molecule has four different groups bound to a single carbon atom,
resulting in two unsuperposable chiral forms referred as enantiomers in terms
of right- and left-handedness.

• One form predominates in life on earth; thus, chiral form detection can be
used as evidence for a biological environment .

• Enantiomeric pairs are identical in many physical properties, such as mass,
boiling/melting point, and molecular transition frequencies.

• They are indistinguishable by mass spectroscopy and traditional microwave
spectroscopy.

Image source: http://www.nai.arc.nasa.gov

http://www.nai.arc.nasa.gov/


Why ChiralSpec is Needed? (1)

• Questions that can be answered by ChiralSpec:
o Which amino acids are present?
o What are the relative abundances of these amino acids?
o Is a chiral excess present?

• Targets: Atmosphere, surface, and subsurface of Enceladus, Europa, Titan, and Mars; 
any bodies where amino acids, fatty acids, and other organic compounds are in gas 
phase or can be brought into gas phase

• Address a high-priority science objective - search for life, by looking for patterns 
consistent with biological synthesis, i.e., signatures of biological origin 
o Chirality of amino acids (preferred chirality in Life on Earth)
o Amino acid distribution: biotic samples contain higher abundances of larger 

molecular weight  amino acids - underrepresentation of glycine abundance 
relative to other amino acids



Benzonitrile 2-Ethynylpyridine 3-Ethynylpyridine 4-Ethynylpyridine 

Why ChiralSpec is Needed? (2)

• Provide unique detection and identification capability of mixtures of structural 

isomers of the same molecular weight – which directly addressed three science 

objectives related to the history of organics, the existence of habitats beyond Earth, 

and search for life

• Mass spectrometers face challenges on discriminating these species

• Example: C7H5N, 103.124 Da, interesting to Titan, where is N inserted to?
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Table 1-1: Comparative chirality detection technologies. 

Technology Methodology Sensitivity Comments 

ChiralSpec Microwave spectroscopy  
Detects targets in gas phase 

ppm 

Provide unique isomer distinguish capability 
Does not require formal chemical bonding 
(derivatization) 
Insensitive to non-polar molecules 
Laser ablation proposed to get non-volatiles to gas 
phase 

CE-LIFa 
Laser induced fluorescence 
Detects targets in aqueous phase 

sub-ppm Limited isomer distinguish capability 
Liquid (CE-LIF)/gas (GCMS) handling  
Requires derivatization GC-MSb 

Gas chromatography 
Detects targets in gas phase 

ppm 

a Capillary electrophoresis (CE) based laser induced fluorescence (LIF), under development (PI Peter Willis). b Gas 
chromatography (GC), implemented in Rosetta/COSAC and Curiosity/SAM. 

 

Examples of isomeric organic molecules distinguishable by ChiralSpec. 
Body Structural Isomers Stereoisomers 

Mars PAHs, chlorinated aromatics Amino acids 

Titan Small organics (cyclopropane v. propene), PAHs,  Amino acids, chiral nitriles/amines/alcohols  

Europa Fatty acids (double-bond position)  Amino acids, chiral alcohols 

Enceladus Fatty acids (double bond position)  Amino acids, chiral alcohols 

Comets  Small organics (glycine v. methylcarbamic acid), PAHs Amino acids, chiral alcohols 

 

1.3 Relevance to Element Programs and Objectives in the FA 

The PICASSO 2016 is seeking “to conduct planetary and astrobiology science instrument 
feasibility studies, concept formation, proof of concept instruments, and advanced component 
technology development.” The work proposed here clearly falls within this scope since we will 
carry out both the demonstration of a proof of concept, and a study of the feasibility of the proposed 
instrument. The PICASSO 2016 also takes into account the “extent to which the proposed 
instrument system or subsystem is applicable to multiple Planetary Science missions.” ChiralSpec 
is applicable to any Solar System body where a detailed examination of organic chemistry is 
desired. The noninvasive nature of the technique also makes it complementary to a variety of other 
instruments including mass spectrometers and gas chromatographs. 

 

1.4 Technical Approach and Methodology 

As discussed in §1.2, the two 
enantiomers of a chiral molecule are 
indistinguishable by many techniques, 
including MS and transitional microwave 
spectroscopy, because they are identical in 
many physical properties. Our proposed 
three-wave technology differentiates them 
by exploiting the property of opposite signs 
of , the products of their 
three dipole moment components as shown 
in Figure 1-4. 

Figure 1-4: Mirror images of dipole moments of enantiomeric 
pair of alanine (Image source: Ref. [8]): their opposite signs of 

 enable enantiomer differentiation by the 
innovative three-wave mixing technique proposed here. 
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Figure 1-6: Schematic of ChiralSpec instrument, which contains two major parts: a polarization pulsing system and a 

three-axis resonator chamber.  

1.4.2 ChiralSpec Instrument Design Requirements  

Table 1-3: Key parameters of ChiralSpec. 

Parameter Drive transmitter Twist transmitter Listen receiver 

Frequency (GHz) 175–205 75–90 95–115 

Polarization axis X Y Z 

Phase measurement precision (radian) 1 1 1 

Power (mW) 40–50 100–150 N/A 

 Beam diameter (cm) 

 

5 

 

 

5 5 

 Pulse length (ns) 1-100 1-100 N/A 

Resonator length (cm) 10 10 10 

Resonator system quality factor, Q 1000 1000 1000 

The goal of the proposed work is to demonstrate ChiralSpec’s applicability to planetary and 
astrobiology science measurements. We chose two benchmark molecules, propylene oxide and 
alanine, for demonstrations. Propylene oxide was detected in SgrB2 in 2016 and is the first chiral 
molecule detected in interstellar space [17]. It is our benchmark molecule because (1) as a volatile 
species it is easier for sample handling (vapor pressure of ~450 Torr), and (2) its R-, S- and racemic 
samples are commercially available. Alanine is the lightest chiral amino acid and is the only amino 
acid whose molecular parameters are available in existing databases. With a melting point of 531 
K, Alanine is a non-volatile under room temperature. We will bring it into the gas phase using the 
laser ablation technique that has been exploited by many groups to bring alanine and other amino 
acids into the gas phase for traditional spectroscopic studies [18–49]. 

1.4.2.1 Design requirements on the polarized pulsing system 

For the polarized pulsing system, we estimated the design requirements for frequencies of the 
drive, twist listen waves; pulse power and diameter, pulse length, and pulse timing. The estimation 
was made based on molecular spectroscopic data of our benchmark molecules, propylene oxide 
and alanine. These two molecules are representative and the pulsing system designed based on 
them are expected to apply to other amino acids and chiral molecules. 

To define the frequencies of the drive, twist, listen waves, we utilized propylene oxide and 
alanine’s molecular spectroscopic data from the Cologne Database for Molecular Spectroscopy 
(CDMS) [10] and evaluated cycles [Table 1-4] of three molecular transitions required for three-
wave mixing experiments. In mm-wave region, these cycles have the largest product of line 

✓ ChiralSpec generates a time-domain chiral signal via exciting targeted species with two 
excitation pulses. 

✓ Chiral signal of the right-handed enantiomers has an opposite phase to that of the left-
handed enantiomers.

✓ It is this phase difference that allows enantiomer differentiation.
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Benchmark Molecules

• Propylene oxide is the first chiral molecule observed in ISM (McGuire et al 2016), is 
volatile  and easier for sampling handling (vapor pressure of 450 Torr at 300K). 

• We will use laser ablation to bring alanine into gas phase.



Schedule and Milestones

T1 Design, fabricate, integrate & test pulsing system

  1.1 Multiplier/mixer/amplifier design,fabrication and test ~50mW achieved for the drive pulse power 

  1.2 Phase-trigger circuit design, fabrication and test

  1.3 MilliTech procurement

  1.4 Pulsing system integration and test 1 radian precision achieved for phase measurements

T2 Design, fabricate, integrate & test resonator/coupler Q ≥1000 achieved for resonators

T3 Advance mm-wave three-wave mixing technology

  3.1 Measure chirality of propylene oxide without resonators Chirality measured for R&S samples

T4 Advance mm-wave cavity resonance technology 

  4.1 Measure chirality of propylene oxide with resonators 1000x chiral sensivity increasement acheived 

T5 Demonstrate ChiralSpec applicability to missions

  5.1 Measure chirality of R-propylene oxide Chiral signal observed for 10-5
 mTorr R-sample 

  5.2 Measure chirality of mixture of R- and S-propylene oxide Chiral signal observed for 10-4
 mTorr sample with different R:S ratios

  5.3 Set up laser ablation sample handling system

  5.4 Measure chirality of pure alanine ice 

  5.5 Measure chirality of alanine-impregnated water ice Chiral signal of alanine observed at 77K in alanine-impregnated water ice

  Note: no changes in schedule, milestones and TRL  

Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2
Tasks

2017 2018 2019 2020

Sensitivity on the order of 109 molecules/cm3
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